We mechanically tune the feedgap of a single gold bowtie antenna by precise nanomanipulation with the tip of an atomic force microscope. At the same time, its optical response is determined via dark-field scattering spectroscopy.
Resonant optical nanoantennas [1, 2] hold great promise for applications in physics and chemistry, such as nanometer-scale lithography, field enhanced spectroscopy, nanoscopic light emitters with tailored absorption and emission characteristics, light harvesting, high-density optical data storage, and laser-assisted magnetic recording. Also in biology and medicine they may be used for advanced nanometer-sized biochemical sensors.
In this work we present a tunable bowtie optical nanoantenna fabricated via a colloidal nanomask. The antenna consists of two gold nanotriangles. The feedgap can be continuously varied by manipulating an antenna arm with nanometer precision via an atomic force microscope (AFM). At the same time the optical response of the nanoantenna is determined with darkfield scattering spectroscopy. In Figure 1a the AFM topograph of a bowtie nanoantenna consisting of two gold nanotriangles separated by a tip-to-tip distance of 85 nm is shown. The scattering spectrum of the bowtie nanoantenna may be seen in Figure 1c (black line). In the following, one arm of the nanoantenna will be moved with the tip of an AFM, so that the total length of the nanoantenna and hence its feedgap are gradually reduced. After each manipulation step the dark field scattering spectrum along and normal to the antenna axis is recorded. In contrast to all previously reported experiments on nanoantenna structures, we are able to study the evolution of the optical properties of the same single nanoobject as a function of the position. In our experiment, the feedgap is precisely controlled on a nanometer scale, while the other experimental parameters are kept constant. Most importantly, the shape of the nanoantenna arms is not changed.
Reducing the antenna gap (Figure 1b ) dramatically changes the scattering spectrum ( Figure 1c -red line). The original single plasmon peak splits into two distinct resonances. By decreasing the feedgap even further, the resonance at 670 nm in the long axis direction loses strength, while the resonant response at longer wavelength starts to shift to longer wavelength. This overall trend continues until the tips of the two gold triangles are within a few nanometers with each other. Finally, when the two antenna arms are in contact, the scattering spectrum shows an abrupt qualitative change in both polarization directions.
The optical properties of the metal nanoantenna with tunable gap may be understood in the following way. At a large feedgap of 85 nm, the dark field scattering spectrum is the superposition of the spectra of the two individual a2431_1.pdf JMA3.pdf ©OSA 1-55752-834-9 nan une the gap by nano-manipulation with an AFM tip and measure the optical resonances with dark field scat otriangles. When the gap decreases, the metal antenna arms begin to couple electrodynamically. The charge density distribution in one triangle at any given time acts on the other arm and vice versa. As a result, collective plasmon modes in direction of the long antenna axis are formed. In the experiment, two resonances are clearly observed (Fig. 1c) . The exact three-dimensional shape of the nanoantenna is the reason for this effect, as may be seen in discrete dipole approximation calculations of the backscattering spectra at different feedgap distances for a single gold bowtie nanoantenna. Two different three-dimensional shapes are used to model the triangular antenna arms. On the one hand two gold trigonal prisms are assumed, on the other hand the backscattering spectra of two truncated tetrahedra are simulated. The use of antenna arms with trigonal prism geometry in the calculation allows us to predict two main features of the measured dark field scattering spectra: the red shift of a long wavelength mode with smaller gap size, and the decreasing strength of a mode of shorter wavelength. However, in the calculated spectra only one resonance appears in each of the orthogonal directions, while in the experiment two resonances are clearly observed (Fig. 1c) . The exact three-dimensional shape of the nanoantenna is the reason for this effect, as may be seen for calculations with truncated tetrahedral shape for the antenna arms. Breaking the symmetry of the antenna arms in vertical direction (nanotriangle thickness) causes a splitting of the dipole mode into two distinct resonances, which are both of dipole type. Furthermore, the intensity ratio of the two lines matches the experimental observation.
In summary, we have presented a nano-opto-mechanical study of a gold bowtie nanoantenna with variable feedgap. We t tering spectroscopy. We find no unique single "antenna resonance". Instead, the plasmon mode splits into two dipole resonances with gap sizes on the order of a few tens of nanometers. In discrete dipole approximation calculations with trigonal prism and truncated tetrahedron shapes for the antenna arms, we are able to model the observed optical features. With our experimental technique the evolution of the optical properties of the same single nanoobject as a function of the position is studied. This work has shown for the first time, how deliberate mechanical changes on the few nanometer scale enable us to control the optical properties of a nanodevice.
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